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S e v e r a l  s p e c i e s  o f  a q u a t i c  b a c t e r i a  a r e  k n o w n  t o  e x p l o i t  t h e  e a r t h ' s  g e o m a g n e t i c  f i e l d  
a s  a  m e a n s  o f  d i r e c t i n g  t h e i r  m o t i o n  t o w a r d s  s u i t a b l e  h a b i t a t s .  A  f e a t u r e  c o m m o n  t o  t h e s e  
b a c t e r i a  i s  t h e  p r e s e n c e  o f  d i s c r e t e  i n t r a c e l l u l a r  m a g n e t i c  i n c l u s i o n s ,  m a g n e l o s o m e s ,  a l i g n e d  i n  
c h a i n s  a l o n g  t h e  l o n g  a x i s  o f  t h e  o r g a n i s m .  T h e  s i z e  a n d  o r i e n t a t i o n  o f  t h e  i n d i v i d u a l  m a g n e t i c  
p a r t i c l e s  i m p a r t s  a  p e r m a n e n t  m a g n e t i c  d i p o l e  m o m e n t  t o  t h e  c e l l  w h i c h  i s ,  i n  t u r n ,  r e s p o n s i b l e  
f o r  t h e  m a g n e t o t a c t i c  r e s p o n s e .  I n  a l l  s p e c i e s  e x a m i n e d  t o  d a t e  t h e  m a g n e t i c  p a r t i c l e s  h a v e  
b e e n  f o u n d  t o  b e  w e l l - o r d e r e d ,  s i n g l e  d o m a i n ,  m e m b r a n e - b o u n d e d  c r y s t a l s  w i t h  r e p r o d u c i b l e ,  
s p e c i e s - s p e c i f i c  m o r p h o l o g i e s .  U n t i l  r e c e n t l y ,  h o w e v e r ,  o n l y  c r y s t a l s  o f  t h e  m i x e d  v a l e n c e  i r o n  
o x i d e ,  m a g n e t i t e  ( F e 3 0 4 ) ,  w e r e  i d e n t i f i e d  i n  t h e s e  m a g n e t o t a c t i c  b a c t e r i a .  W e  h a v e  n o w  
i d e n t i f i e d  t h r e e  s p e c i e s  o f  b a c t e r i a  f r o m  s u l p h i d i c  e n v i r o n m e n t s  w h i c h  c o n t a i n  c r y s t a l s  o f  t h e  
m i x e d  v a l e n c e  f e r r i m a g n e t i c  i r o n  s u l p h i d e ,  g r e i g i t e  ( F e 3 S 4 ) '  H i g h  r e s o l u t i o n  e l e c t r o n  
m i c r o s c o p i c a l  s t u d i e s  o f  t h e  b i o g e n i c  g r e i g i t e  c r y s t a l s  s h o w e d  t h a t  t h e y  a l s o  e x h i b i t  t h e  
n a r r o w  s i z e  r a n g e  ( 5 0 - 9 0 n m )  a n d  u n i q u e  c r y s t a l l o g r a p h i c  h a b i t s  ( e . g .  c u b o - o c t a h e d r a l ,  
r e c t a n g u l a r  p r i s m a t i c )  w h i c h  c h a r a c t e r i z e d  a n d  d i s t i n g u i s h e d  t h e  i n c l u s i o n s  i n  o t h e r  
m a g n e t o t a c t i c  s p e c i e s .  T h u s ,  i t  w o u l d  a p p e a r  t h a t  t h e  b i o - p r e c i p i t a t i o n  o f  i r o n  s u l p h i d e s  i n  
m a g n e t o t a c t i c  b a c t e r i a  i s  a  h i g h l y  r e g u l a t e d  p r o c e s s  w h i c h  i s  d i r e c t e d  a n d  c o n t r o l l e d  a t  t h e  
m o l e c u l a r  l e v e l .  T h e s e  f i n d i n g s  a r e  n o t  o n l y  i m p o r t a n t  t o  o u r  u n d e r s t a n d i n g  o f  
b i o m i n e r a l i z a t i o n  i n  u n i c e l l u l a r  o r g a n i s m s  b u t  m a y  a l s o  b e  s i g n i f i c a n t  t o  s t u d i e s  o f  
p a l e o m a g n e t i s m .  F u r t h e r m o r e ,  t h e  c o n t r o l l e d  s y n t h e s i s  o f  g r e i g i t e  p r e s e n t s  a n  i n t e r e s t i n g  
c h a l l e n g e  t o  m a t e r i a l  s c i e n t i s t s  a n d  s o l i d  s t a t e  c h e m i s t s .  
I N T R O D U C T I O N  
T h e  d e v e l o p m e n t  o f  e f f e c t i v e  s t r a t e g i e s  f o r  t h e  r e p r o d u c i b l e  c o n t r o l  o f  c r y s t a l  s t r u c t u r e ,  
s i z e  a n d  m o r p h o l o g y  i s  a t t r a c t i n g  c o n s i d e r a b l e  a t t e n t i o n  g i v e n  t h e  r e q u i r e m e n t  f o r  p a r t i c l e s  o f  
m o d a l  s i z e  a n d  s h a p e  i n  m a n y  a r e a  o f  m a t e r i a l s  f a b r i c a t i o n  a n d  t h e  i m p o r t a n c e  o f  
c r y s t a l l o c h e m i c a l  s p e c i f i c i t y  i n  d e t e r m i n i n g  t h e  e x p l o i t a b l e  p r o p e r t i e s  ( e . g .  o p t i c a l ,  m a g n e t i c ,  
e l e c t r o k i n e t i c )  o f  i n o r g a n i c  s o l i d s .  I n  b i o l o g i c a l  s y s t e m s  t h e r e  a r e  m a n y  e x a m p l e s  o f  a d v a n c e d  
" c r y s t a l  e n g i n e e r i n g "  i n  w h i c h  i n o r g a n i c  s o l i d s  a r e  d e p o s i t e d  i n  a  h i g h l y  c o n t r o l l e d  m a n n e r  t o  
p r o d u c e  m i n e r a l  p h a s e s  t h a t  a r e  u n i q u e  w i t h  r e s p e c t  t o  t h e i r  s t r u c t u r e  a n d  h a b i t ,  a n d  u n i f o r m i t y  
o f  s i z e .  T h e  c r y s t a l l o c h e m i c a l  s p e c i f i c i t y  o f  s u c h  b i o g e n i c  s o l i d s  i s  t a i l o r e d  t o  a  w i d e  v a r i e t y  o f  
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both structural (e.g. bones, teeth) and non-structural roles. Examples of the latter include pH 
homeostasis, the transduction of magnetic signals and inertial detection. It is clear, therefore, 
that much can be gained from a study of the biochemical and biophysical mechanisms 
underlying biomineralization. 
In this respect one biomineralizing system which has received much attention is the 
unique prokaryotic organisms which use the earth's geomagnetic field to direct their motions 
toward habitats most suitable for their survivial. A common feature of these magnetotactic 
bacteria is the presence of discrete intracellular magnetic inclusions, magnetosomes, aligned in 
chains along the long axis of the organism. The size and orientation of these individual 
magnetic particles imparts a permanent magnetic dipole moment which is responsible for the 
magnetotactic response. Until recently only crystals of the mixed valence iron oxide, 
magnetite, (Fe304), were identified in these bacteria. Now, however, magnetic iron sulphide 
minerals have been identified in magnetotactic bacteria collected from sulphidic environments 
[1,2,3]. Our recent structural studies on these crystals are summarized in the present paper. 
In order to gain a better understanding of the crystal growth process in these organisms 
we have utilised high resolution analytical transmission electron microscopy (HRTEM) to 
study the crystallographic ultrastructure of the intracellular greigite. The potential of HRTEM 
as a tool for these investigations lies in the principle that for crystals of sufficient thickness 
«10 nm) the phase contrast observed in an electron microscope recorded under specific 
conditions of defocus is closely related to the projection of the atomic potential distribution in 
crystalline solids. The contrast, regularity and coherency of the resolved lattice fringes across 
the crystal is a good indicator of the crystallographic order within the sample. Similarly 
structure imaging allows for the clear resolution of local areas of disorder and discontinuity 
arising from structural defects and variations in local composition with the result that growth 
phenomena and structural transformations can be studied at the atomic level. Thus, HRTEM 
analysis of bioinorganic solids holds the prospect for providing information about the 
processes of nucleation and growth of these crystals in the biological environment. 
MATERIALS AND METHODS, 
Bacteria were collected from jars of sulphide-rich sediment and water sampled from 
salt-marsh pools at the Neponset River and Woods Hole, Massachusells, and at Morro Bay, 
California. Permanent magnets were placed on the sampling jars with the south magnetic pole 
positioned just above the water-sediment interface and bacteria that accumulated near the pole 
were drawn up with a Pasteur pipette and examined by light microscopy. The bacteria 
collected in this manner included the multicellular magnetotactic organism described 
previously as well as several morphological types of magnetotactic rod-shaped bacteria. The 
bacteria were subsequently deposited unstained on amorphous carbon films on nickel grids for 
electron microscopy and all analyses were performed on particles located within inlact 
bacteria. All samples were examined in a JEOL 2000FX transmission electron microsocpe 
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f i t t e d  w i t h  a  t u n g s t e n  f i l a m e n t  a n d  a  g o n i o m e t e r .  E x p e r i m e n t a l  o b s e r v a t i o n s  w e r e  c a r r i e d  o u t  
a t  2 0 0 K e V  w i t h  o b j e c t i v e  a p e r t u r e s  o f  4 0  j ! m  a n d  8 0  j ! m  a n d  p o i n t - t o - p o i n t  r e s o l u t i o n  o f  2 . 5  A  
( C , = 1 . 2 m m )  a n d  2 . 8  A ( C
s
= 2 . 2 m m ) , r e s p e c t i v e l y . T o m i n i m i z e t h e e f f e c t s  o f r a d i o l y t i c  
d a m a g e  u p o n  s a m p l e s  t h e  i n t e n s i t y  o f  t h e  e l e c t r o n  b e a m  w a s  k e p t  a s  l o w  a s  p o s s i b l e  a n d  a l l  
f o c u s i n g  a n d  a s t i g m a t i s m  c o r r e c t i o n s  p e r f o r m e d  o n  a r e a s  o f  c a r b o n - f i l m  a d j a c e n t  t o  t h e  
c r y s t a l s  o f  i n t e r e s t .  A  l i q u i d  n i t r o g e n  c o o l e d  a n t i c o n t a r n i n a t i o n  d e v i c e  w a s  u s e d  a t  a l l  t i m e s .  
D i m e n s i o n a l  m e a s u r e m e n t s  w e r e  t a k e n  f r o m  p h o t o g r a p h i c  e n l a r g e m e n t s  o f  s u i t a b l e  H R T E M  
n e g a t i v e s .  T h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a n d  f r i n g e  s p a c i n g s  w e r e  i n d e x e d  b y  c o m p a r i n g  
t h e i r  d - s p a c i n g s  a n d  i n t e r p l a n a r  a n g l e s  w i t h  c a l c u l a t e d  v a l u e s  a n d  p u b l i s h e d  d a t a  a s s u m i n g  f o r  
g r e i g i t e ,  a  c u b i c  u n i t  c e l l  ( s p a c e  g r o u p  F d 3 m )  a  = 9 . 8 6  A ,  a n d  p y r i t e ,  a  c u b i c  u n i t  c e l l  ( s p a c e  
g r o u p  P a 3 )  a  =  5 . 4 1  A .  
R E S U L T S  
T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  o f  t h r e e  d i f f e r e n t  t y p e s  o f  i r o n - s u l p h i d e  c o n t a i n i n g  
m a g n e t o t a c t i c  b a c t e r i a  a r e  s h o w n  i n  F i g u r e  1 .  O n e  t y p e  w a s  a  l a r g e  m o t i l e  m u l t i c e l l u l a r  
s p h e r i c a l  o r g a n i s m  c o m p o s e d  o f  7 - 2 0  i n d i v i d u a l  o v o i d  c e l l s .  E a c h  o f  t h e s e  u n i t s  c o n t a i n e d  
a b o u t  1 0  d i s c r e t e  i n t r a c e l l u l a r  p a r t i c l e s  a r r a n g e d  i n  c h a i n s  ( F i g u r e  1 a ) .  T h e r e  w a s  a l s o  s o m e  
e v i d e n c e  f o r  t h e  c o n s e n s u s  a l i g n m e n t  o f  t h e s e  c h a i n s  t h r o u g h o u t  t h e  w h o l e  m u l t i c e l l u l a r  
a g g r e g a t e .  A  s e c o n d  c e l l  t y p e  ( F i g u r e  1 b )  w a s  a  s m a l l ,  u n i c e l l u l a r  ( c a .  2 . 5  j ! m  x  1 . 3  j ! m )  
o r g a n i s m  w i t h  a  s i n g l e  c h a i n  o f ,  o n  a v e r a g e ,  2 6  w e l l - d e f i n e d  c u b o i d a l  e l e c t r o n  d e n s e  p a r t i c l e s  
o f  m e a n  d i m e n s i o n ,  6 7  n m .  F i g u r e  1 c  i l l u s t r a t e s  a  t y p i c a l  e x a m p l e  o f  a  l a r g e r  ( c a .  3  j ! m x 2  
j ! m )  u n i c e l l u l a r  r o d - l i k e  m a g n e t o t a c t i c  p r o k a r y o t e  w i t h  c h a i n s  a n d  c l u s t e r s  o f  p r e d o m i n a n t l y  
r e c t a n g u l a r  e l e c t r o n  d e n s e  p a r t i c l e s .  I n d i v i d u a l  c e l l s  c o n t a i n e d  a p p r o x i m a t e l y  5 7  c r y s t a l s  o f  
m e a n  d i m e n s i o n s  6 9  n m  x  5 0  n m  w i t h  a  v a r i a b l e  a s p e c t  r a t i o  ( 1 . 0  t o  2 . 0 ) .  T h e s e  c r y s t a l s  
e x h i b i t e d  w e l l - d e f i n e d  e n d  f a c e s  b u t  t h e  s i d e s  w e r e  o f t e n  i r r e g u l a r .  E l e m e n t a l  m a p p i n g  o f  a l l  
t h r e e  o r g a n i s m s  b y  s c a n n i n g  E D X A  ( d a t a  n o t  s h o w n )  r e v e a l e d  t h a t  t h e  e l e c t r o n  d e n s e  
i n t r a c e l l u l a r  p a r t i c l e s  c o n s i s t e d  o f  i r o n  a n d  s u l f u r  b u t  n o t  o x y g e n  [ 1 , 3 ] .  
E l e c t r o n  d i f f r a c t i o n  d a t a  
I d e n t i f i c a t i o n  o f  t h e  m i n e r a l  p h a s e  i n  a l l  c e l l  t y p e s  w a s  m a d e  b y  i n d e x i n g  s i n g l e  c r y s t a l  
e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a n d  l a t t i c e  i m a g e s  o f  i n d i v i d u a l  p a r t i c l e s .  T h i s  w a s  n e c e s s a r y  
b e c a u s e  t h e  d - s p a c i n g s  o f  a l l  t h e  i r o n  s u l f i d e s  a r e  s i m i l a r ,  m a k i n g  i d e n t i f i c a t i o n  f r o m  l i m i t e d  
p o w d e r  d i f f r a c t i o n  d a t a  a l o n e  u n r e l i a b l e .  A  s i n g l e  c r y s t a l  e l e c t r o n  d i f f r a c t i o n  p a l l e r n  f r o m  a  
r e c t a n g u l a r  p a r t i c l e  i n  t h e  l a r g e r  r o d - s h a p e d  b a c t e r i u m  i s  s h o w n  i n  F i g u r e  2 a .  T h e  p a t t e r n  
c o r r e s p o n d s  t o  t h e  < 1 0 0 >  w n e  o f  g r e i g i t e ,  ( F e 3 S 4 ) .  S u p e r p o s i t i o n  o f  t h e  p a t t e r n  a n d  
c o r r e s p o n d i n g  i m a g e  ( s e e  i n s e t )  i n d i c a t e s  t h a t  t h e  c r y s t a l s  a r e  e l o n g a t e d  a l o n g  o n e  o f  t h e  a  
a x e s  a n d  t h e  w e l l - d e f i n e d  e n d  f a c e s  a n d  l e s s  r e g u l a r  s i d e  f a c e s  a r e  o f  { 1 0 0 }  f o r m .  T h e s e  
o b s e r v a t i o n s  w e r e  c o n f i r m e d  b y  c r y s t a l l o g r a p h i c  a n a l y s i s  o f  g r e i g i t e  p a r t i c l e s  a l i g n e d  a l o n g  
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Figure 1 
Transmission electron micrographs of the three types of magnetotactic bacteria collected from 
sulphidic environments. (a) A multicellular organism with numerous discrete intracellular iron 
sUlphide panicles. Bar = 1 ~m. (b) Unicellular rod-shaped bacteria containing electron dense 
cubo-octahedral inclusions. Bar = 1 ~m. (c) Large rod-shaped unicellular organism containing 
rectangular iron sulphide panicles. Bar = 500nm. 
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F i g u r e  2  
S i n g l e  c r y s t a l  g r e i g i t e  ( F t l : J S 4 )  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  r e c o r d e d  f r o m  i r o n  s u l p h i d e  
i n c l u s i o n s  i n  u n i c e l l u l a r  o r g a n i s m s  a n d  a s s o c i a t e d  i m a g e s  ( i n s e t s ) .  ( a )  P r i s m a t i c  r e c t a n g u l a r  
c r y s t a l  v i e w e d  d o w n  t h e  [ 0 0 1 ]  z o n e .  R e f l e c t i o n  A .  ( 2 2 0 )  ( 3 . ' 5 0 A ) ;  r e f l e c t i o n  B ,  ( 4 0 0 )  ( 2 . 4 7 A ) ;  
r e f l e c t i o n  C ,  ( 2 2 0 )  ( 3 . 5 0 A ) ;  A n g l e s :  ( 2 2 0 ) 1 \ ( 4 0 0 )  =  4 5 ° ; ( 2 2 0 ) 1 \ ( 2 2 0 )  = 9 0 ° .  ( b )  C u b o - o c t a h e d r a l  
c r y s t a l  v i e w e d  d o w n  [ 2 1 3 ]  z o n e .  R e f l e c t i o n  A ,  ( 2 2 2 )  ( 2 . 8 6 ' A ) ;  r e f l e c t i o n  B .  ( 4 2 2 )  ( 2 . 0 1 7 A ) ;  
r e f l e c t i o n  C .  ( 3 3 1 )  ( 2 . 2 8 A )  A n g l e s : ( 2 2 2 1 \ 4 2 2 ) = 6 1 . 5 ° ;  2 2 2 1 \ 3 3 1  = 8 2 . 3 ° ) .  S c a l e  b a r s  ( i n s e t s )  =  
l O n m .  
- --
- -
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different directions. ego <112> and <215>. <110>. and by lattice imaging (see below). Thus the 
crystals have an idealized morphology based on a rectangular prism of six cubic {I00 J faces. 
Single crystal electron diffraction patterns from particles in the smaller rod-shaped 
bacteria were also indexed to greigite (Figure 2b). Diffraction patterns corresponding to the 
<112>. <213>. and <011> zones of greigite were obtained. Analysis of the diffraction patterns 
and associated images, as well as lattice images (see below) of the crystals indicated that the 
particles were cubo-octahedral in morphology with well-defined {111 J faces and smaller 
truncated {IOOI faces. 
Single crystal electron diffraction patterns obtained from crystals in the multicellular 
organism gave evidence for the presence of both greigite and pyrite crystals (data not shown) 
[1]. Powder pattern data indicated that pyrite may be the dominant crystalline form in these 
organisms (Figure 3) [1]. 
HRTEM studies ofcrvstal structure and morphology 
Lattice images of individual crystals showed fringes corresponding to the lattice planes 
of greigite: the d spacings and angles between two non-parallel sets of fringes were consistent 
with the cubic (Fd3m) space group of this mineral. The recorded fringes were generally regular 
and well-defined and were in general continuous throughout the crystals thus confirming the 
single crystal nature of these particles. No amorphous domains or areas of bulk disorder were 
identified within any of the crystals. In many particles. however, there were regions of varying 
contrast extending along the {Ill I planes with a thickness of approximately 10 A(see Figure 
4). These probably represent lattice imperfections attributable to stacking faults or local 
deviations of the chemical composition of these close packed planes. These defects were 
particularly prevalent in the rectangular prismatic crystals. It was also noted that the small 
cuboidal crystals exhibited marked variations in diffraction contrast across the imaged surface 
such that the crystals were bisected along the <100> axis by an abrupt change in electron 
density (see Figure 4). Since lattice fringes frequently terminated at this boundary it is 
suggested that the change in electron density arises from thickness variations in the crystals 
produced by steps and surface irregularities. 
A lattice image typical of crystals from the smaller unicellular organism is shown in 
Figure 4. Lattice fringes corresponding to {111 I, {200I, {220I, {310 I. {320I and {321 I 
planes were imaged on these crystals and the <110> wne was predominant. Furthermore, it 
was concluded from the fringes parallel to the particle edges that the crystals were faceted. 
These observations were consistent with the assignment of an idealized crystal habit based on 
an octahedral prism of {Ill I faces truncated by small {I 00 J faces (Figure 6) [4]. 
HRTEM images of the crystals from the larger of the unicellular magnetotactic 
organisms consistently revealed lattice fringes corresponding to {Ill J, {2(0), {220J, {31O), 
{311 I {320I, {321 I and {400I lattice planes of greigite. From these images it was determined 
that the crystals were bounded by well-defined {1(0) faces at their termini and a series of 
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Figure 4.
 
HRTEM image of a greigite crystal from a chain of panicles in a small uniceJlular organism.
 
The crystal is oriented along the [0 II] direction and exhibits a characteristic morphology based
 
on an octahedral prism of 1111) faces truncated by (100) faces. The lattice finges correspond
 
to the 011) planes of the greigite lattice. Bar = 20 nm.
 
Figure 5.
 
HRTEM electron micrograph of a rectangular prismatic crystal from a large unicellular
 
magnetotactic organism. The crystal is oriented along the [001] zone. The crystal is bounded
 
by two-well defined (I 00) faces at each end and the corners are truncated by small (111 )
 
faces. A series of structural defects (~) along the ( 111) planes are clearly imaged.
 
(oo~)
 
(o~o)
 
®
 
102 
roughened, irregular (lOOI-type side faces (Figure 5). The vertices of this elongated cube were 
truncated by small {III I faces. From a consideration of the angular relationships between 
non-parallel sets of fringes and their relative orientations with respect to the projected 
morphology of the particles it was confmned that the particles were crystals of greigite 
preferentially elongated along the <100> direction. This is consistent with the assignments 
made from the single crystal electron diffraction patterns (see above) [3]. A number of 
panicles exhibited kinks and bulges at about the mid-point of the long axis which produced 
some deformation and occasionally bending of the crystals. No crystals were imaged end-on 
probably as a result of the physical elongation and the resultant aspect ratio which would cause 
the crystals to lie preferentially on the larger side faces of the prism. On the basis of 
information accumulated to date it is suggested that these rectangular crystals express an 
idealized morphology based on an elongated truncated cubic habit (Figure 6). The crystals 
merit special interest since they do not conform to the symmetry relations of the thiospinel 
lattice. 
Structural imaging of the crystals in the multicellular magnetotactic aggregate proved 
panicularly difficult. This was attributed to the thickness of the crystals in the first instance 
and also to their irregular shapes. The few lattice images which were recorded showed that 
they were crystallographic single-domain particles based on a cubic-derived morphology [I]. 
DISCUSSION 
The HRTEM images and electron diffraction data have confmned that the 
magnetotactic bacteria inhabiting sulphidic environments contain chains of crystals composed 
primarily of the magnetic iron sulphide greigite. Although the presence of pyrrhotite has been 
suggested [2], we have found no evidence to support this. A comparison of the biogenic 
panicles with their synthetic and geological homologues indicates that the bioprecipitation of 
greigite is a strictly regulated process. Greigite is not a thermodynamically stable form of iron 
sulphide and the preparation of a pure crystalline sample requires stringent anoxia, high 
temperatures and controlled quenching in order to limit the occurrence of other iron sulphides 
[5]. The resulting crystals are thin plates with an essentially cubic morphology. Lattice 
imperfections (lOA thickness) along the (111) planes similar to those observed in the bacterial 
crystals are a consistent feature of the synthetic crystals (see Figure 7) [6]. Biogenic greigite 
has been identified previously in the sediments generated by chemolithotrophic bacteria under 
anoxic conditions [7]. Thiopneuts release H2S into the environment where it reacts with any 
free metals present at sufficient solution concentration to effect precipitation. The 
sulphate-reducing bacteria, Desulfovibrio spp., have been credited with producing at least 
seven different iron sulphides including hydrotroilite, pyrite and mackinawite [7]. The bacteria, 
however, do not participate directly in the mineraliztion process and the precipitation reactions 
are controlled primarily by ambient environmental pH [8]. Greigite occurs as an intermediate 
phase in the pH-dependent transformation of iron monosulphide to framboidal pyrite and the 
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Figure 7. 
HRTEM electron micrograph of synthetic greigite prepared by the method of Horiuchi et aI, 
[6]. Note the presence of structural defects along the (Ill) planes (~). Bar =10 nm. 
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p a r t i c l e s  s o - f o r m e d  a r e  s m a l l ,  i r r e g u l a r  a n d  c r y s t a l l o g r a p h i c a l l y  i l l - d e f i n e d .  I t  s h o u l d  b e  n o t e d  
t h a t  t h e  e x n - a c e l l u l a r  m a g n e t i t e  p a r t i c l e s  p r o d u c e d  b y  d i s s i m i l a t o r y  n o n - m a g n e t o t a c t i c  
i r o n - r e d u c i n g  b a c t e r i u m ,  ( s t r a i n  G S - 1 5 ) ,  u n d e r  a n a e r o b i c  c o n d i t i o n s  a r e  a l s o  s t r u c t u r a l l y  a n d  
m o r p h o l o g i c a l y  i n d i s t i n c t  [ 9 ] .  F i n e l y  g r a i n e d  p a r t i c l e s  o f  a b i o g e n i c  g r e i g i t e  w i t h  n o  s p e c i f i c  
m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  h a v e  b e e n  e x n - a c t e d  f r o m  m e t a l l i f e r r o u s  s e d i m e n t s  o f  b o t h  r e c e n t  
a n d  a n c i e n t  o r i g i n s ,  w h e r e  i t  i s  o n e  o f  a  s e r i e s  o f  i r o n  s u l p h i d e s  f o r m e d  u n d e r  r e d u c i n g  
c o n d i t i o n s  d u r i n g  d i a g e n e t i c  a n d  p o s t - d i a g e n e t i c  s u l p h i d e  m i n e r a l i z a t i o n ,  v i z .  p y r i t i z a t i o n  [ 1 0 ] .  
A n o t h e r  s o u r c e  o f  m a g n e t i c ,  c u b i c  i r o n  s u l p h i d e  i s  t h e  o r e  m i n e r a l s  d e p o s i t e d  f r o m  t h e  
m e t a l - b e a r i n g  b r i n e s  a s s o c i a t e d  w i t h  H z S - d i s c h a r g i n g  h y d r o t h e r m a l  s y s t e m s  [ 1 1 , 1 2 ] .  I n  t h i s  
c a s e  t h e  m i n e r a l  g r e i g i t e ,  ( m e l n i k o v i t e ,  [ 1 3 ] )  o c c u r s  e i t h e r  a s  b a l l s  (~0.33 m r n  d i a m e t e r )  o f  
i n t e r g r o w n  o c t a h e d r a  w i t h  c u r v e d  f a c e s ,  r o u n d e d  s e g r e g a t i o n s  ( 2 0 0 - 5 0 0  I l m  d i a m e t e r )  o r  
a c i c u l a r  g r a i n s  «  I l l m ) ,  a n d  i s  c o m m o n l y  a s s o c i a t e d  w i t h  p y r i t e  a n d  m a r c a s i t e  d e p o s i t s  [ 1 4 ] .  
I t  i s  c l e a r ,  t h e r e f o r e ,  t h a t  t h e  o c c u r r e n c e  o f  g r e i g i t e  a s  d i s c r e t e  w e l l - f o r m e d  c r y s t a l s  w i t h  
r e g u l a t e d  m o r p h o l o g i e s  a n d  s i z e  i n  m a g n e t o t a c t i c  b a c t e r i a  r e p r e s e n t s  a  u n i q u e  e x a m p l e  o f  
s o l i d  s t a t e  b i o e n g i n e e r i n g .  
I n t e r e s t i n g l y ,  t h e  r o d - s h a p e d  b a c t e r i a  a p p e a r  t o  m a i n t a i n  g r e a t e r  c o n n - o l  o v e r  
m i n e r a l i z a t i o n  c o m p a r e d  w i t h  t h e  m u l t i c e l l u l a r  o r g a n i s m .  T h e  l a t t e r  p r o d u c e s  c r y s t a l s  o f  b o t h  
g r e i g i t e  a n d  p y r i t e  ( F e S z )  a n d  t h e  m o r p h o l o g i e s  a r e  n o t  w e l l - d e f i n e d .  B y  c o n n - a s t ,  t h e  
r o d - s h a p e d  b a c t e r i a  s p e c i f i c a l l y  m i n e r a l i z e  g r e i g i t e  a n d  r e g u l a t e  t h e  c r y s t a l  h a b i t .  S i n c e  t h e  
s t r u c t u r e ,  s i z e  a n d  m o r p h o l o g y  o f  t h e s e  c r y s t a l s  i s  a p p a r e n t l y  w e l l - r e g u l a t e d ,  t h e s e  r e s u l t s  i n  
c o n j u n c t i o n  w i t h  p r e v i o u s  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  b i o m i n e r a l i z a t i o n  o f  g r e i g i t e  l i k e  t h e  
f o r m a t i o n  o f  i n n - a c e l l u l a r  m a g n e t i t e  i s  u n d e r  b i o l o g i c a l  c o n n - o J .  F u r t h e r m o r e ,  t h e  i d e n t i f i c a t i o n  
o f  u n i q u e  a n d  s p e c i e s - s p e c i f i c  m o r p h o l o g i e s  i n  b o t h  s y s t e m s  a r g u e s  s n - o n g l y  f o r  t h e  
e m p l o y m e n t  o f  s i m i l a r  c r y s t a l l o c h e m i c a l  s n - a t e g i e s  i n  t h e i r  f o r m a t i o n .  
S p e c i e s - s p e c i f i c  m o r p h o l o g i e s  h a v e  a l r e a d y  b e e n  a s c r i b e d  t o  t h e  c r y s t a l s  f o r m e d  b y  a  
n u m b e r  o f  m a g n e t i t e - p r o d u c i n g  m a g n e t o t a c t i c  b a c t e r i a  [ 1 5 ] .  I n  A q u a s p i r i l l u m  
m a g n e t o t a c t i c u m ,  f o r  e x a m p l e ,  t h e  m a g n e t i c  p a r t i c l e s  a r e  t r u n c a t e d  o c t a h e d r a ,  w h i l e  i n  o t h e r  
b a c t e r i a ,  p a r t i c l e s  w i t h  m o r p h o l o g i e s  b a s e d  o n  h e x a g o n a l  p r i s m s  a n d  b u l l e t - s h a p e d  o r  
a r r o w h e a d  g e o m e t r i e s  a r e  o b s e r v e d  [ 1 5 ] .  T h e  e x p r e s s i o n  o f  s u c h  u n i q u e  c r y s t a l  m o r p h o l o g i e s  
g i v e s  e v i d e n c e  o f  t h e  i n t e r r e l a t e d  c h e m i c a l ,  s p a t i a l  a n d  s t r u c t u r a l  f a c t o r s  w h i c h  c o n n - o l  t h e  
b i o p r e c i p i t a t i o n  o f  m a g n e t i t e  i n  t h e s e  o r g a n i s m s  a n d  t h e r e  i s  n o w  a  g r o w i n g  b o d y  o f  e v i d e n c e  
w h i c h  i n d i c a t e s  t h a t  i n n - a c e l l u l a r  m a g n e t i t e  b i o m i n e r a l i z a t i o n  i s  d i r e c t e d  b y  a  h i e r a r c h y  o f  
i n t e r r e l a t e d  m o l e c u l a r  i n t e r a c t i o n s  [ I S ] .  C r i t i c a l  t o  t h e s e  b i o l o g i c a l l y - m e d i a t e d  
c r y s t a l l o c h e m i c a l  p r o c e s s e s  i s  t h e  o r g a n i c  t r i l a m i n a t e  m a g n e t o s o m e  m e m b r a n e  w h i c h  p r o v i d e s  
( 1 )  a n  e n c l o s e d  m i c r o e n v i r o n m e n t  f o r  t h e  p r e c i p i t a t i o n  r e a c t i o n s ,  ( 2 )  t h e  p o t e n t i a l  f o r  c h e m i c a l  
s p e c i f i c i t y  v i a  s e l e c t i v e  i o n - n - a n s p o r t ,  a n d  ( 3 )  i m p o s e s  g e o m e t r i c  c o n s n - a i n t  u p o n  t h e  g r o w i n g  
c r y s t a l s .  A s  a  c h a r g e d ,  o r d e r e d  o r g a n i c  s u r f a c e  t h e  m e m b r a n e  m a y  a l s o  e x e r t  c o n n - o l  o v e r  t h e  
s e q u e l a e  o f  k i n e t i c  a n d  s t r u c t u r a l  e v e n t s  a s s o c i a t e d  w i t h  n u c l e a t i o n  [ 1 6 ] .  
T h e  d e p o s i t i o n  o f  c u b o - o c t a h e d r a l  c r y s t a l s  ( F i g u r e s  I  a n d  4 )  p r o b a b l y  r e f l e c t s  t h e  
f o r m a t i o n  o f  a n  e q u i l i b r i u m  h a b i t  i n v o l v i n g  m i n i m a l  b i o l o g i c a l  i n t e r v e n t i o n :  t h e  g r o w t h  
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process being directed merely by the flux of the reactant ions into a vesicular compartment at a 
rate commensurate with controlled growth [15]. Although the existence of an organic 
membrane around the biogenic greigite crystals has yet to be conftrrned, HRTEM images of 
many crystals suggested the presence of such a structure in close proximity to the crystals. The 
formation of the elongated rectangular crystals is of greater interest since the symmetry 
relationships of the isometric lattice have been broken during biosynthesis to produce this 
unique habit. Furthermore the potential involvement of molecular mechanisms in the 
formation of the rectangular greigite crystals is suggested by the association of a preferred 
crystallographic axis « I00» with the direction of elongation. This observation in particular is 
significant since the <100> crystal axis is also the easy axis of magnetization in greigite [17]. 
Since the crystal habit of inorganic solids can be a reflection of the spatial and chemical 
environment in which they were formed, the expressed morphology of the rectangular 
prismatic greigite crystals suggests that their growth is mediated by biologically-imposed 
geometric and/or crystallochemical conditions. One possibility is that the crystals develop 
within vesicles that are extended along one direction, imposing a spatial constraint upon the 
forming crystals during growth. The fact that both the terminal (100) faces are well-defined 
while the side faces are distinguished by their irregularity, (see Figure 5) lends some suppon to 
this proposal. Chemical regulation (pH, degree of supersaturation, solution composition, redox 
gradients, etc.) of the vesicular environment is also a potential tool for selecting and optimising 
the conditions for bioprecipitation. For instance the site-directed flux of ions or growth 
modifiers into the companment would favour the nucleation and growth of one set of 
symmetry-related faces over another [15]. Such a process would depend upon the selective 
localization of ion-transpon systems at specific loci in the vesicular membrane. Similar 
mechansims have been invoked to explain the formation of intracellular magnetite crystals in 
magnetotactic bacteria [15]. In the context of the above, it is also interesting to note that (I) 
two unique proteins have now been isolated from the magnetosome membrane of 
magnetite-forming bacteria [18], and (2) that an ion-translocating proteolipid which is also 
capable of initiating membrane-mediated calcium phosphate deposition has been isolated from 
the membrane of the calcifying bacteria Bacterionema matruchotii [19]. 
These HRTEM studies have conftrrned that the biogenic greigite crystals are formed as 
single domain particles. On the basis of this and other information it is possible to calculate the 
average permanent magnetic dipole per cell [20]. A greigite density of 4.1 g/cm3 from the 
crystallographic data (space group, Fd3m, a =9.88 A, 8 formula units per unit cell) and a 
measured saturation magnetization of 30 emu/g yields a permanent magnetic dipole moment 
per particle, m = 3.65 x 10-14 emu. For particles arranged in a chain, the total moment is the 
sum of the individual particle moments [20]. Thus, for a unicellular organism with an ordered 
chain of 26 cubooctahedral panicles the total moment, M = 9.5 X 10-13 emu. In the 
geomagnetic field, BG = 0.5 gauss, the magnetic energy, M x BG = 4 X 10-13 ergs, which is 
more than 10 times thermal energy at 300K. The chain of greigite panicles has, therefore, a 
large enough permanent magnetic dipole moment so that the migration speed of the cell along 
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g e o m a g n e t i c  f i e l d  l i n e s  w o u l d  b e  m o r e  t h a n  8 0 %  o f  i t s  f o r w a r d  s p e e d .  I f  s o m e  p a r t i c l e s  i n  t h e  
c h a i n  w e r e  n o n - m a g n e t i c  p y r i t e ,  a s  t h e y  a r e  i n  t h e  c a s e  o f  t h e  m u l t i c e l l u l a r  o r g a n i s m ,  t h e  
m i g r a t i o n  e f f i c i e n c y  w o u l d  b e  c o r r e s p o n d i n g l y  r e d u c e d .  C a l c u l a t i o n s  o f  t h e  a v e r a g e  p e r m a n e n t  
m a g n e t i c  d i p o l e  m o m e n t  o f  t h e  l a r g e r  r o d - s h a p e d  c e l l s  a r e  m o r e  d i f f i c u l t  b e c a u s e  o f  t h e  
a p p a r e n t  c l u s t e r i n g  o f  t h e  p a r t i c l e s  i n  s o m e  o r g a n i s m s .  O r g a n i z e d  c h a i n s  o f  t h e s e  e l o n g a t e d  
c r y s t a l s  a r e  s e e n ,  h o w e v e r ,  a n d  t h e  c r y s t a l s  a r e  c r y s t a l l o g r a p h i c a l l y  a l i g n e d  s o  t h a t  t h e  < 1 0 0 >  
a x i s  l i e s  p a r a l l e l  w i t h  t h e  d i r e c t i o n  o f  t h e  c h a i n .  S i n c e  t h i s  i s  a l s o  t h e  e a s y  a x i s  o f  
m a g n e t i z a t i o n  t h e  s e l e c t i v e  a l i g n m e n t  o f  t h e  r e c t a n g u l a r  c r y s t a l s  a l o n g  t h i s  d i r e c t i o n  m a y  h a v e  
f u n c t i o n a l  s i g n i f i c a n c e .  A r g u a b l y  t h i s  p r e f e r r e d  o r d e r i n g  o f  t h e  c r y s t a l s  w o u l d  n e c e s s i t a t e  
f e w e r  c r y s t a l s  p e r  o r g a n i s m .  I t  i s  n o t e d ,  h o w e v e r ,  t h a t  t h e  o r g a n i s m s  c o n t a i n i n g  r e c t a n g u l a r  
p r i s m a t i c  c r y s t a l s  a c t u a l l y  s y n t h e s i z e  m o r e  r a t h e r  t h a n  l e s s  p a r t i c l e s  ( s e e  T a b l e  1 ) .  W e  h a v e  
o b s e r v e d  t h a t  t h e  g r e i g i t e  c r y s t a l s  o f  b o t h  b i o g e n i c  a n d  s y n t h e t i c  o r i g i n  a r e  f r e q u e n t l y  f l a w e d  
b y  s t a c k i n g  f a u l t s  a n d  n o n - s t o i c h i o m e t r i c  d e v i a t i o n s  a l o n g  t h e  c l o s e  p a c k e d  { I l l }  p l a n e s .  
P e r h a p s  t h e s e  l a t t i c e  i m p e r f e c t i o n s  d i s r u p t  t h e  e l e c t r o n i c  c o u p l i n g  r e s p o n s i b l e  f o r  g e n e r a t i n g  
t h e  m a g n e t i c  d i p o l e  w i t h i n  t h e  c r y s t a l  w i t h  t h e  r e s u l t  t h a t  t h e  n e t  m a g n e t i c  m o m e n t  o f  t h e  
c r y s t a l  i s  d i m i n i s h e d .  H o p e f u l l y ,  f u t u r e  r e s e a r c h  w i l l  q u a l i f y  t h i s  i s s u e .  
T h e  f o r e g o i n g  a n a l y s i s  s u g g e s t s  t h a t  t h e  r o d - s h a p e d  b a c t e r i a  s p e c i f i c a l l y  m i n e r a l i z e  
g r e i g i t e ,  n o t  p y r i t e ,  i n  c o n n e c t i o n  w i t h  m a g n e t o t a x i s .  T h i s  s p e c i f i c i t y  a r g u e s  a g a i n s t  t h e  v i e w  
t h a t  i n t r a c e l l u l a r  g r e i g i t e  t r a n s f o r m s  t o  p y r i t e  o n  a  t i m e  s c a l e  c o m p a r a b l e  t o  t h e  l i f e t i m e  o f  t h e  
c e l l  [ 1 ] .  T h e  p r e s e n c e  o f  b o t h  g r e i g i t e  a n d  p y r i t e  i n  t h e  m u l t i c e l l u l a r  b a c t e r i u m  s u g g e s t s  t h a t  
t h i s  o r g a n i s m  m a y  b e  c a p a b l e  o f  s i m u l t a n e o u s l y  a n d  s e p a r a t e l y  m i n e r a l i z i n g  t h e  t w o  i r o n  
s u l p h i d e s .  S i n c e  p y r i t e  d o e s  n o t  c o n t r i b u t e  t o  t h e  m a g n e t o t a c t i c  r e s p o n s e ,  i t s  r o l e  m a y  b e  
r e l a t e d  t o  t h e  m a i n t e n a n c e  o f  h o m e o s t a s i s  o f  i r o n  a n d / o r  s u l p h i d e ,  o r  t o  o t h e r  m e t a b o l i c  
p r o c e s s e s  i n  t h e  c e l l s .  
C O N C L U D I N G  R E M A R K S  
T h e  c o n t r o l l e d  f o r m a t i o n  o f  s i n g l e  d o m a i n  m a g n e t i c  p a r t i c l e s  u n d e r  l o w  t e m p e r a t u r e  
c o n d i t i o n s  i s  o f  c o n s i d e r a b l e  t e c h n o l o g i c a l  i n t e r e s t  e s p e c i a l l y  s i n c e  c r y s t a l l o c h e r n i c a l  
s p e c i f i c i t y  i s  a n  i m p o r t a n t  d e t e r m i n a n t  o f  f u n c t i o n a l  e f f i c i e n c y .  T h e r e  i s  m u c h  d e m a n d  f o r  
t a i l o r e d  i n o r g a n i c  m a t e r i a l s  w h i c h  h a v e  d e f i n e d  c a t a l y t i c ,  m a g n e t i c ,  o p t i c a l  o r  e l e c t r o k i n e t i c  
p r o p e r t i e s .  I t  i s  e v i d e n t  f r o m  a  s t u d y  o f  b i o m i n e r a l i z i n g  s y s t e m s  t h a t  b i o l o g y  h a s  a l r e a d y  
o v e r c o m e  m a n y  o f  t h e  p r a c t i c a l  p r o b l e m s  a t t e n d e n t  u p o n  s o l i d  s t a t e  c r y s t a l  e n g i n e e r i n g .  T h u s  
i t  i s  h o p e d  t h a t  n e w  r o u t e s  t o  t h e  c o n t r o l l e d  s y n t h e s i s  a n d  f a b r i c a t i o n  o f  t e c h n o l o g i c a l l y  
i m p o r t a n t  m a t e r i a l s  w i l l  b e  f o r t h c o m i n g  f r o m  t h e  d e t a i l e d  a n a l y s i s  o f  s u c h  s y s t e m s .  
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